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The photorefractive properties of a nominally pure single crystal of BaTiO 3 were altered by treating the crystal at
650'C in oxygen at different partial pressures. Treatment altered the effective density of photorefractive charge
carriers in the crystal and could convert an inactive crystal into an active one. Treatment at low oxygen pressure
(reduction) decreased the temperature of the tetragonal-to-cubic phase transition of the crystal and also decreased
the measured optical band gap, implying that oxygen vacancies had been introduced into the bulk crystal. These
oxygen vacancies are associated with negative photorefractive charge donors. Either hole transport or electron
transport dominated, depending on whether the partial pressure of oxygen was greater than or less than 1/2 atm
during treatment. The competing roles of electrons and holes are discussed.
1. INTRODUCTION
Barium titanate (BaTiO3) is a highly nonlinear optical mate-
rial, which has been used for optical phase conjugation,'
image processing, 2 and laser resonators.3- 6 The optical non-
linearity in BaTiO3 is due to the photorefractive effect, in
which nonuniform illumination redistributes charges in the
crystal, causing a semipermanent change in the crystal's
refractive index. However, because the charges originate
from defects or impurities, both the magnitude and the
speed of the photorefractive effect can vary from one sample
of BaTiO3 to another; in some BaTiO3 samples the optical
nonlinearity is strong, whereas in others the nonlinearity is
very weak.
We report experiments in which we have deliberately al-
tered the density of photorefractive charges, and the relative
contribution of electrons and holes to photorefraction, by
exposing a nominally pure single crystal of BaTiO3 to vari-
ous partial pressures of oxygen at a temperature of 650°C.
We were able to change a crystal from being inactive to
active and to change the dominant charge carrier from holes
to electrons and back to holes again.
In Section 2 we outline the predictions of two current
models of a photorefractive material as a compensated semi-
conductor. The first model is based on hopping transport as
proposed by Feinberg et al.7 The second is based on band
conduction and is essentially that of Kukhtarev et al.,8 but it
includes the competition of holes and electrons as described
by Orlowski and Kratzig 9 and further refined by Klein and
Valley.10 The hopping model has been generalized to large
hopping distances by Mullen and Hellwarth," and here we
generalize the hopping model further to include the compet-
ing roles of electron and hole photoconduction (see Appen-
dix A). The predictions of the hopping and the band-con-
duction models are the same for the experimental tests per-
formed here.
Our experimental results are presented in Section 3 and
are in reasonable agreement with theory if we identify the
photorefractive charge donors as (1) singly ionized oxygen
vacancies or (2) donor complexes composed of an oxygen
vacancy adjacent to a trace impurity. We show that the
density of oxygen vacancies determines the density of pho-
torefractive donors in BaTiO 3. Our results also demon-
strate the competition of electron and hole transport in
BaTiO3.
2. THEORY
A. Steady-State Space-Charge Field
Consider movable charges (either electrons or holes) occupy-
ing sites distributed uniformly throughout the material.
The sites might be impurity atoms or point defects. A site
can be occupied either by an electron or a hole. Figure 1
shows how the movable charges will be redistributed by
diffusion when illuminated nonuniformly. If electrons dif-
fuse away from the illumination, then the resulting electro-
static field will be directed away from the light and toward
the dark regions, as shown in Fig. 1(a). If holes diffuse away
from the illumination, then the space-charge field will be
directed toward the light regions, as in Fig. 1(b). In general
both holes and electrons are movable, and their space-charge
fields tend to cancel.
A steady-state charge distribution is obtained when the
diffusive force due to nonuniform illumination is balanced
by the electrostatic field produced by the displaced charges
themselves. In a crystal lacking inversion symmetry, this
space-charge field causes a first-order distortion of the crys-
tal lattice, thus altering the crystal's refractive index by the
linear electro-optic (Pockels) effect. This refractive-index
change can be monitored with another optical beam. More
detailed descriptions of the formation of this protorefractive
index change are found in Refs. 1, 7, and 8.
If the material is a semiconductor with only one kind of
deep defect site (e.g., an impurity atom or a point defect),
then all these sites are full, no charges can be redistributed,
and there is no photorefractive effect. However, if one adds
another set of sites that partially deplete the first set, then a
redistribution is possible, and a photorefractive effect may
be observed. Figure 2(a) shows an example in which the
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Fig. 1. Rearrangement of charges by light in a photorefractive
material. In (a) electrons have diffused [and in (b) holes have
diffused] away from the illuminated region. In general, both pro-
cesses may occur simultaneously producing opposite space-charge
fields as shown. The space-charge field produced by electron mi-
gration affects the migration of both electrons and holes, and vice
versa.
Fig. 2. Schematic of donor and acceptor levels in a photorefractive
semiconductor. In (a) the density of acceptors exceeds the density
of donors, and holes can be redistributed by light among the accep-
tor sites. In (b) the density of donors exceeds the density of accep-
tors, and electrons can be redistributed by light among the donor
sites.
acceptor sites, with number density NA, are partially filled
by electrons transfered from the donor sites, which have
number density ND. In this example the acceptor sites are
more numerous (NA > ND). (We assume that the donor
sites remain empty even in the presence of light.12 ) The
remaining NA-ND holes may then be redistributed by light
among the acceptor sites. Figure 2(b) shows the opposite
case, in which the donor sites are more numerous (ND > NA)
and the acceptor sites are full (and remain full12), and the
remaining ND-NA electrons may then be redistributed by
light among the donor sites.
Note that charge transport is possible by both electron
and hole conduction in either Fig. 2(a) or 2(b). The electron
and hole contributions to the photoconductivity add. In
contrast, the electron and hole contributions to the photore-
fractive space-charge electric field compete and reduce this
field, as discussed later.
There are currently two models describing photorefrac-
tive charge transport. The band model8 is a three-step
process shown for electron transport in Fig. 3(a): (1) photo-
ionization of a carrier bound at a defect site; (2) drift and
diffusion of the carrier through the conduction band; and (3)
recombination at a new defect site. The hopping model7
considers single hops (photoassisted tunneling) between
sites, as shown in Fig. 3(b). The two models predict the
same results as long as the electron (or hole) recombination
time is short compared to any optical transients and the
relative charge modulation is small. The experiments re-
ported here do not distinguish between the two models.
Consider light modulated sinusoidally in space with spa-
tial frequency k is incident upon the crystal (for example,
the interference fringes of two intersecting coherent optical
beams) according to
I(z) = I011 + Re[m exp(ikz)]). (1)
For small modulation (I m << 1), the resulting space-charge
field will be
E(z) = Re[E5 c exp(ikz)], (2)
where
Es- [iRmkBT/e][k/(1 + (k/k 0) 2)], (3a)
ko2 -Npre 2/(Ee0kBT), (3b)
Npr ND('-ND/NA) NA > ND
_NA(l-NA/ND) ND > NA, (3c)
R (a+ -( -_)/(U+ + 11 + Cd), (3d)
according to either the band810 or the hopping (see Refs. 7,
11, and Appendix A) model, where kB is Boltzmann's con-
stant, T is the lattice temperature, e is the (dimensionless)
dielectric constant, Eo is the permittivity of free space, e is the
Fig. 3. Two mechanisms of photoconduction. (a) Band conduc-
tion is a three-step process: (1) thermal ionization or photoioniza-
tion, (2) drift or diffusion within the band, (3) recombination at an
empty site. (b) Hopping is a one-step process of thermal-assisted or
photoassisted tunneling. These examples show electron conduc-
tion; hole conduction is also possible.
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Fig. 4. Beam geometry for two-beam energy coupling experiments.
k, and k2 are the optical wave vectors of the beams in the crystal.
The +c crystal axis is oriented parallel to the grating wave vector k
= kl - k2. If hole photoconduction is dominant, then beam number
1 experiences gain, as indicated schematically on the figure by the
width of the beam. The intersection angle in the crystal is 28. Both
beams are polarized perpendicular to the plane of the figure and are
ordinary rays.
absolute value of the charge of an electron (or hole), and Npr
is the effective density of photorefractive charge carriers.
The parameter R weighs the photorefractive contribu-
tions of hole photoconductivity a+, electron photoconduc-
tivity or, and dark conductivity Ud. Equation (2) and ex-
pression (3) assume that steady state has been reached, the
charge-density modulation is small (I ml << 1), there is no
applied or photovoltaic dc electric field, and the distance
traveled by a movable charge per absorbed photon is small
compared to the grating spacing. (This last restriction on
the carrier lifetime in the band model, and on the hopping
length in the hopping model, can be removed if necessary, as
in Refs. 8 and 11 and in Appendix A.)
The space-charge field E(z) of Eq. (2) creates a photore-
fractive-index variation An(z) given by
An(z) = -(1/2)n3 reffE(z), (4)
where n is the index of refraction and reff is the effective
Pockels coefficient of the crystal. Note that there is a 900
phase shift between refractive-index pattern An(z) and the
optical intensity pattern I(z) owing to the factor of i in
expression 3(a).
The effective density of photorefractive charge carriers
Npr and the relative contribution of electron and hole photo-
conductivities R can be determined by two-beam energy-
coupling experiments.
B. Two-Beam Energy Coupling
Two coherent optical beams intersecting in a photorefrac-
tive material will, in general, transfer energy from one beam
to the other. The photorefractive index pattern generated
by the two beams acts as a volume diffraction grating and
partially Bragg deflects each beam. One deflected beam
adds constructively and the other deflected beam adds de-
structively to the transmitted beams (depending to the di-
rection of the c axis of the crystal), causing a net transfer in
energy from one beam to the other, as shown in Fig. 4. The
direction of energy transfer relative to the c axis reveals the
sign of the dominant photorefractive charge carrier. The
variation in the magnitude of energy transfer with beam
crossing angle yields the effective density of photorefractive
charge carriers Npr.7
Let the two optical beams have transmitted intensities I,
<< I2 with wave vectors k, and k2, respectively, in the crystal.
Choose the direction of the c axis so that the weaker beam
(number 1) experiences gain. If the stronger beam is negli-
gibly depleted by the interaction, then the weaker beam will
experience an exponential increase in intensity along its
direction of propagation:
I, (with coupling) I I
I, (without coupling)
where L1 is the interaction length along beam 1. The expo-
nential power gain coefficient g per unit length is7
Rk/(nc/c)
[1 + (k/ko) 2 ] (6)
where X is the optical frequency. For I << I2 the gain g is
independent of the intensity of either beam. The spatial
frequency k of the grating is given by
h = (2nco/c)sin 0, (7)
and 20 is the crossing angle of the writing beams inside the
crystal (see Fig. 4). In Eq. (6), the quantity
6 n4 ( /c)2(reffkBT/e) (8)
is the intrinsic photorefractive coupling gain. Note that 6,
which has units of inverse length, depends only on properties
of the crystal lattice such as the Pockels coefficient, the
index of refraction, and the temperature and not on the
density or transport properties of the photorefractive
charges nor on the spatial frequency k.
By measuring the variation of the two-beam coupling gain
g with grating wave vector k, both R and k02 can be deter-
mined. The parameter R measures the competition be-
tween holes and electrons in forming the space-charge field.
The parameter k02 is proportional to the effective density of
photorefractive charges. In the following section we de-
scribe two-beam energy-coupling experiments to measure
these quantities.
3. EXPERIMENT RESULTS
A. Crystal Treatment
The BaTiO 3 crystal measured 0.37 cm X 0.42 cm X 0.42 cm
with the c axis parallel to the shortest dimension. The
crystal was grown from a top-seeded solution by Sanders
Associates and, as grown, the sample was almost inactive
photorefractively. The sample was first characterized by
two-beam coupling and bulk absorption measurements and
then repeatedly treated and recharacterized. For treatment
the sample was placed in a 2.54-cm fused-quartz process
tube inside a tube furnace and exposed in separate runs to
various partial pressures of 02 at 6500C for 36 h. The
temperature of the sample was controlled with a micro-
processor to follow the heating and cooling sequence shown
in Fig. 5 with an accuracy of 0.5% and a stability of 0.2%.
During heating and cooling the temperature was changed at
rates not exceeding 330C per hour, and near the tetragonal-
to-cubic phase transition (at about 1250 C) the rate was de-
creased to 40 C per hour to prevent stress fractures.
A total of three treatments were performed with the fol-
lowing flowing atmospheres (in chronological order):
(1) 10-6 atm of 02 in ultrahigh-purity (99.999%) argon
at atmospheric pressure,
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Fig. 5. Oven program temperature versus time for a typical BaTiO3
treatment cycle. Flow of the oxygen-containing gas was started
at the time marked a and stopped at b. The tetragonal-to-cubic
phase transition of the crystal occurs at T, 1250C in BaTiO3.
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Fig. 6. Tetragonal-to-cubic phase transition temperature Tc of the
BaTiO3 crystal versus the oxygen partial pressure of the most recent
treatment.
(2) ordinary air (0.2 atm 02, including Los Angeles
smog),
(3) 2 atm of medicinal grade (99.99%) oxygen.
B. Poling the Crystal
After each treatment, the BaTiO3 crystal was cooled to room
temperature, removed from the furnace, and repoled as fol-
lows. The crystal was placed between two chrome-plated
brass electrodes and held with light spring pressure. The
assembly was immersed in silicon oil and slowly heated to
-0.50C above the tetragonal-to-cubic phase-transition tem-
perature, which occurred near 1250 C. The rate of tempera-
ture change did not exceed 200 C per hour during heating and
was less than 2C per hour when near the transition. The
transition temperature was determined by two methods. In
the first, the capacitance of the crystal was monitored with a
capacitance bridge, and the capacitance was observed to
increase sharply from -7 pF to a maximum >50 pF at the
transition temperature. The second method consisted of
monitoring the visual appearance of the crystal between
crossed polarizers as it was slowly heated; striking colors
suddenly appeared as the crystal abruptly changed from its
tetragonal to its cubic phase. After the transition had oc-
curred, a dc electric field of -250 V/mm was applied (gradu-
ally, over a few minutes), and the crystal was slowly cooled
(overnight) to room temperature, after which the applied
electric field was removed.
Figure 6 shows the temperature of the tetragonal-to-cubic
phase transition (measured during poling by the visual
method described above) versus the oxygen partial pressure
during the crystal's most recent treatment. The transition
temperature decreased as the treatment oxygen pressure
was decreased. This decrease was caused by oxygen defects'
being introduced into the crystal as the treatment oxygen
pressure was reduced, as previously demonstrated in experi-
ments with polycrystallinel3 and flux-grown14 single crys-
tals. The actual oxygen-vacancy density is not known, but
the number of vacancies should increase monotonically as
the treatment oxygen pressure is reduced.
C. Absorption Spectra
Figure 7 shows the absorption spectrum of the crystal (at
22 0C) as grown and after each oxygen treatment, as mea-
sured with a Beckman DK2A spectrophotometer. Two fea-
tures stand out: First, a broad absorption plateau is seen to
extend throughout the visible spectrum from about 800 nm
(1.6 eV) to the band edge at 410 nm (3 eV). Note that this
absorption plateau is smaller in the as-grown crystal and
also in the crystal that had been treated with 0.2 atm of 02-
Second, the band edge at approximately 410 nm shifted to
longer wavelengths as the treatment oxygen pressure was
reduced, indicating that the band gap was decreased or soft-
ened by the presence of oxygen defects. This agrees with
Ref. 14 and with the corresponding decrease in the transition
temperature observed in Fig. 7.
An additional narrow absorption line was observed in the
infrared at 2870 nm (0.43 eV) on an otherwise featureless
background. Its width was '12 nm, and its height was 0.35
cm-' for the crystal as grown, 0.11 cm-' after treating in 10-6
atm of oxygen, and 0.15 cm- after treating in 2.0 atm. This
absorption may be caused by a defect or impurity color
center. If the onset of the absorption plateau at 1.6 eV
(-800 nm) in Fig. 7 is taken to be the ionization threshold of
a hydrogenlike color center, then the absorption at 0.43 eV
could result from the n = 1 to n = 2 absorption line at an
expected energy of (1/4) X 1.6 eV = 0.4 eV.
E2.
1.5 
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Fig. 7. Bulk optical absorption coefficient versus wavelength for
the BaTiO3 crystal as grown and after each treatment. Note that
the absorption plateau in the visible portion of the spectrum is
diminished for the crystal as grown and also after treatment with 0.2
atm of oxygen.
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Fig. 8. Two-beam energy coupling gain coefficientg versus grating
spatial frequency (in units of optical wave vector nw/c), for the
BaTiO3 crystal after treatment with various oxygen partial pres-
sures. As grown (open circles); 10-6 atm (filled circles); 0.2 atm
(filled squares); 2 atm (open squares). Note that the coupling gain
coefficient switches sign between the oxidized crystal (2 atm of 02)
and the reduced crystal (10-6 atm of 02), as discussed in the text.
The curves are theoretical fits to Eq. (6).
D. Two-Beam Energy Coupling
Two-beam energy-coupling experiments were performed
with an argon-ion laser operating at 514.5 nm on a single
longitudinal TEMoo mode. Two coherent Gaussian beams
with intensities I = 2.4 X 10-5 W/cm 2 and I2 = 1.4 X 10-1
W/cm 2 and diameters of 3 mm were aligned so that the
direction of the grating wave vector k was parallel to the c
axis of the BaTiO3 crystal. The beams were polarized per-
pendicular to the plane of intersection and so were ordinary
rays in the crystal. (Extraordinary rays cause experimental
problems: they produce a much larger coupling strength,
which can cause significant depletion of the stronger beam.
Also, the effective Pockels coefficient reff depends more sen-
sitively on the alignment of the crystal with respect to the
optical beams for extraordinary rays than for ordinary
rays. 15 )
The increase in the transmitted intensity of the weak
beam I, due to the presence of the strong beam I2 was
measured, and the small-signal gain coefficient g was deter-
mined from Eq. (5). The magnitude of the grating wave
vector k - Ik- k21 = (2now/c)sin 0 was varied by changing
the crossing angle 20 of the beams in the crystal. A plot of
the measured gain coefficient g versus grating spatial fre-
quency k is shown in Fig. 8, along with theoretical fits using
Eq. (6) and the following constants: reff = r13 = 14 X 10-12
mn/V (the unclamped Pockels coefficient for ordinary rays' 6 ),
no = 2.488, e = 150, T = 22°C, X = 514.5 nm, L = 0.42 cm, L,
= L/cos 0, and hence 6 = 20 cm-'.
The energy-coupling curves of Fig. 8 are seen to grow
linearly with small k, reach a maximum at k = ko, and then
decrease for large k. The theoretical fits have two adjust-
able parameters: ko and R. The value of ko is controlled by
the effective density of photorefractive charges Npr [Eq.
(3b)]; therefore the location of the energy-coupling peak
gives the effective charge density. The parameter R is the
relative contribution of electron and hole photoconductivi-
ties [Eq. (3d)] and is found from the slope at small k of each
of the curves of Fig. 8. The sign of R determines the sign of
the coupling coefficient g: it is positive for hole-dominated
photoconduction and negative for electron-dominated pho-
toconduction. When the crystal exhibited hole-dominated
photoconduction it was oriented as shown in Fig. 4, with the
c-axis direction along k. When the crystal exhibited elec-
tron-dominated photoconduction it had to be rotated 1800
(making the +c-axis direction opposite k), so that the weak
beam I, would still increase in the presence of the strong
beam I2, and pump depletion could be avoided. The data
and the theoretical curves of Fig. 8 agree except at high
spatial frequencies (k >> ko), where the measured gain is
noticeably less than predicted by theory. The origin of this
disagreement is not known.
E. Effective Density of Photorefractive Charge Carriers
Figure 9 is a plot of the effective density of photorefractive
charge carriers Npr determined from the two-beam coupling
data versus the partial pressure of oxygen during treatment.
Changing the treatment oxygen pressure drastically altered
Npr: After treatment at the small oxygen pressures (10-6
atm and 0.2 atm) the density of acceptors exceeded the
density of donors (NA > ND); and after treatment at the
large oxygen pressure (2.0 atm) the situation was reversed
(ND > NA). The effective treatment oxygen pressure for the
as-grown crystal is unknown; we assume that it lies between
the 0.2- and 2.0-atm data points (indicated by the error bars
in Fig. 9).17 According to Eq. (3c), Npr should vanish if ND =
NA, because the donor sites would be completely empty and
the acceptors would be completely full, and no redistribu-
tion of the charges would be possible. The data of Fig. 9
imply that Npr would vanish if this crystal were treated in
about 0.5 atm of oxygen at 650'C. We note that the broad
absorption plateaus of Fig. 7 are also smallest after treat-
ment near this pressure (the as-grown and the 0.2-atm data),
indicating that this broad absorption may be associated with
Npr.
E
U~
z2
I I I I
-0 - 6 -5 -4 1-3
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Fig. 9. The density of photorefractive charge carriers Npr versus
the oxygen partial pressure of the most recent treatment. The
effective oxygen pressure for the crystal as grown is unknown but is
assumed to lie in the region indicated by the error bars, as discussed
in the text. The solid line is a qualitative guide.
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Fig. 10. The relative contribution R of hole and electron photocon-
duction [see Eq. (3d)] versus oxygen pressure during annealing.
The effective oxygen pressure for the crystal as grown is unknown
but is assumed to lie in the region indicated by the error bars, as
discussed in the text. Note that R passes through zero at about '/2
atm of 02. The solid line is a qualitative guide.
Table 1. The Effective Density of Photorefractive
Charge Carriers Npr, the Relative Contribution of
Hole and Electron Photoconduction R, and the
Temperature of the Tetragonal-to-Cubic Phase
Transition T for a Variety of BaTiO3 Crystals
Crystal Npr (X 1016 cm-3) R T (C)
a Rocky
2.0 atm* 2.6 +0.67 126.3
as grown 0.6 0.14 -
0.2 atm* 1.1 -0.26 125.5
10-6 atm* 2.5 -0.36 120.0
e MMD
as grown 0.5 0.24 -
treated in oilt 0.3 0.17 -
10-3 atmt 1.0 +0.84 126
b Hop 1.9 +0.36 126
c Cat 6.2 +0.70 127
d Swiss 4.2 +0.89 128
e Doyle 4.1 +0.96 -
Experiments using these crystals are reported in
a This study and Ref. 25, b Ref. 7, c Refs. 24 and 26, d Ref. 15. e Not previously
reported.
* Oxygen partial pressure during treatment at 6500C for 36 h.
f Treated in Dow 200 Silohexane oil at 1200C for 72 h.
I Oxygen partial pressure during treatment at 5500C for 11 h.
F. Electron versus Hole Photoconduction
The electron and hole contributions to the photoconductivi-
ty (r+ and a) were found to vary with the density of oxygen
defects introduced into the BaTiO3 crystal. Figure 10 is a
plot of their relative contribution R [see Eq. (3d)] deter-
mined from the data of Fig. 8 versus the partial pressure of
oxygen during treatment. 7"8 Electron photoconduction
dominated after treatment with 10-6 atm or 0.2 atm of oxy-
gen. Hole photoconduction dominated after treatment in
2.0 atm of oxygen.
Note that the crystal switches from electron-dominated to
hole-dominated photoconduction at the same treatment ox-
ygen pressure (/2 atm) at which the effective density Npr of
photorefractive charges is a minimum. This result is not
required by the compensated semiconductor picture of Fig. 2
and may indicate an important aspect of the photorefractive
effect not included here.
Table 1 is a summary of the measured density of photore-
fractive charges Npr and the relative contribution R of holes
and electrons for the crystal in this work (named Rocky) and
a number of other BaTiO3 crystals studied previously or in
conjunction with this work. All crystals were melt grown by
Sanders Associates.'9 Note that the experimentally deter-
mined values of R fall between -1 and +1, as predicted from
Eq. (3d). Where measured, all these crystals as grown ex-
hibited a photorefractive effect dominated by holes. Oxy-
gen treatments at a lower temperature (5500C) were tried in
a preliminary study on the BaTiO3 crystal labeled MMD,
with the results shown in Table 1. A further treatment of
this sample at 6500C cracked the crystal, probably because it
was heated and cooled too rapidly through its phase transi-
tion.
4. DISCUSSION: DONORS AND ACCEPTORS
Two pictures are useful in explaining our data. In the first
picture oxygen vacancies are the photorefractive donors, and
barium vacancies are the acceptors. Oxygen vacancies are
known to be electron donors in BaTiO3 at room tempera-
ture.' 3 "14 Barium vacancies are known to be electron accep-
tors with a thermal ionization enthalpy of 0.85 eV and occur
naturally with a density of -1017 cm-3 ; the barium vacancy
density is unchanged by treatments at 650'C in melt-grown
BaTiO3 crystals.'3 According to this picture, our oxidation
and reduction treatments, which change the density only of
oxygen vacancies and not barium vacancies, would alter the
density of donors but not the density of acceptors.
A second picture has both the donors and the acceptors
originating from a trace impurity, whose valence state can be
altered by charge transfer with a nearby oxygen vacancy. In
photorefractive LiNbO3, for example, the donors are
thought to be Fe2+ ions with an adjoining oxygen vacancy,
and the acceptors are lone Fe3+ ions.20 Previous studies
with Fe-doped BaTiO3 have shown that Fe can enter substi-
tutionally for Ti4+ and that the Fe valence can be altered by
charge transfer to an adjoining oxygen vacancy.2' Recent
evidence has shown that Fe is probably photorefractively
active in BaTiO3.22 If so, then the oxidation/reduction
treatments described here would have changed the densities
of both the donor and the acceptor levels.
Both the above pictures are consistent with our data. One
way of deciding between them would be to perform anneal-
ing experiments using an extremely low (10-2 0 -atm) par-
tial pressure of 02, such as might be obtained by annealing
in pure H2.2 ' According to the first picture above, this
treatment would increase the density of donors (oxygen va-
cancies) without affecting the density of acceptors (barium
vacancies) and would produce an effective charge density
Npr = NA, as seen from Eq. (3c) above. However, according
to the second picture above, treatment at very low oxygen
pressure would cause all the acceptors to be converted to
donors, making Npr = 0.
5. PHOTOREFRACTIVE SPEED
The speed of the photorefractive effect was changed mark-
edly by oxygen treatment. The photorefractive speed was
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Fig. 11. The log of the light-induced grating decay rate (the dark
decay rate has been subtracted) of the heavily oxidized BaTiO 3
crystal (02 treatment pressure 2.0 atm, hole-dominated photocon-
duction) versus inverse temperature of the crystal, for various light
intensities: 'erase 0.23 W/cm2 (filled triangles); 'erase = 0.023
W/cm2 (filled squares). The dark decay rate is also shown (open
circles).
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Fig. 12. The log of the grating decay rate of the reduced BaTiO3
crystal (02 pressure during treatment 0.2 atm, electron-dominated
photoconduction) versus inverse temperature of the crystal, for
various light intensities: Ierase = 1.35 W/cm 2 (open triangles); Ierase
= 0.23 W/cm 2 (open squares); Ierase = 0.024 W/cm 2 (open circles);
dark erasure (filled circles).
measured by observing the decay of a photorefractive grat-
ing under uniform illumination, as described in detail in Ref.
23. The decay rate is [see Eq. (A10) of Appendix A]
F = [1 + (k/ko) 2] Vd + a+ + a_]/ef 0 . (9)
Here ad - exp(-To/T) is the dark conductivity and (a+ + a-)
K lx is the total photoconductivity due to electrons and
holes. The parameter To is the activation energy (or ther-
mal ionization enthalpy) of the acceptor sites, whereas the
exponent x describes how the photoconductivity scales with
the optical intensity.
A four-wave mixing geometry was used for the grating-
erasure experiments.7'23 Photorefractive gratings were first
written with 3-mm-diameter optical beams, whose intensi-
ties were made unequal (I1 = 0.005 W/cm 2 and I2 = 0.1
W/cm 2 ) in order to keep the modulation m small. A reading
beam with a diameter of 3 mm and an intensity less than 1.0
X 10-6 W/cm 2 was incident counterpropagating to beam I2.
The reading-beam intensity was made so weak as to have no
measurable effect on the grating erasure rate. The reading
beam was Bragg deflected off the previously written photo-
refractive grating, and the diffraction efficiency was moni-
tored with a photomultiplier tube and a digital storage sys-
tem. With the writing beams turned off, the photorefrac-
tive grating was erased by a 1-cm-diameter optical erasing
beam incident perpendicular to the plane of Fig. 4 with an
intensity Ierase and an optical polarization along k. This
erasing beam caused the diffraction efficiency of the photo-
refractive grating to decay and with a rate that increased
with Ierase. All optical beams originated from the same ar-
gon-ion laser (operating at 514.5 nm on a single longitudinal
TEMoo mode).
Figures 11 and 12 show the measured light-induced ('erase
0 0) and dark ('erase = 0) grating erasure rates versus recip-
rocal temperature of the crystal. The temperature was var-
ied over a 33 0C range near room temperature. Figure 11 was
obtained after the crystal had been treated in 2.0 atm of
oxygen, which made hole transport dominant. The slope of
the dark-decay-rate data of Fig. 11 yields an activation ener-
gy of To = 11,400 K = 1.0 eV for dark erasure. This dark-
erasure activation energy is the same as that measured in
another crystal2 3 of BaTiO3 and is assumed to be the thermal
ionization enthalpy of the photorefractive acceptors.
Figure 12 shows similar results obtained after the BaTiO3
crystal was treated in 0.2 atm of oxygen, which made elec-
tron transport dominant. The dark-decay rate after this
treatment was -100,000 times smaller than the rates shown
in Fig. 11. [The temperature dependence of this rate was
not determined because the optical alignment tended to
drift over the long time period (1 week) required to measure
this rate.] A summary of the dark-decay rates at T = 240C
(after various treatments in oxygen) is 0.12 sect (10-6 atm);
3 X 10-6 sec 1 (0.2 atm); -1 sec' (as grown); 0.31 sec' (2.0
atm).
The light-induced decay rate [(at+ + a_)/eeo in Eq. (10)]
showed a weak temperature dependence for both hole-domi-
nated photoconduction, as seen in Fig. 11, and electron-
dominated photoconduction, as seen in Fig. 12.
Oxygen treatment also caused a marked variation in the
dependence of photorefractive speed on optical intensity.
Figure 13 is a plot of the light-induced erasure rate versus
erasing intensity for the electron-dominated and hole-domi-
nated cases. Electron photoconduction dominated after the
crystal was treated in 10-6 atm of oxygen, and the speed
increased linearly with optical intensity (speed I). After
the crystal was treated at the higher oxygen pressures the
speed increased sublinearly with optical intensity (speed K
Ix) whether electron or hole photoconduction dominated.
The value of the exponent was x = 0.76 after treatment at 0.2
atm of oxygen (electrons) and x = 0.67 after treatment with
2.0 atm of oxygen (holes). This sublinear intensity depen-
dence of the decay rate in the present BaTiO3 crystal and in
two crystals previously studied23'24 has not yet been ex-
plained. (Both the band-conduction model and the hop-
ping model predict a decay rate that increases linearly with
intensity.)
The fact that a BaTiO3 sample reduced in 10-6 atm of
oxygen responds linearly with optical intensity is of practi-
cal importance, for it implies that high-speed operation of a
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Fig. 13. The grating decay rate versus light intensity, for various
oxygen partial pressures during treatment: 2 atm (open squares);
0.2 atm (filled squares); 10-6 atm (filled circles). The crystal tem-
perature was held at T = 240C for these experiments, and the
grating wave vector was k = 0.2 (nw/c).
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6. CONCLUSION
A BaTiO 3 single crystal was treated in several different oxy-
gen atmospheres to create or fill oxygen vacancies. The
partial pressure of oxygen during treatment determined the
effective density of photorefractive charge carriers. The
relative contributions of electron and hole photoconduction
were also altered by the treatments; hole photoconduction
dominated at high oxygen partial pressures and electron
photoconduction dominated at low oxygen partial pressures.
The oxygen vacancies (or complexes composed of an oxygen
vacancy adjacent to an impurity) are shown to be the photo-
refractive donors of negative charge, as supported by mea-
surements of the transition temperature and the optical
absorption spectra. BaTiO3 exhibited a sublinear photo-
response when used as grown or when treated at higher
oxygen partial pressures (i.e., when oxidized). However,
BaTiO3 exhibited a linear photoresponse after treatment at
an oxygen partial pressure of 10-6 atm (a reducing atmo-
sphere). This linear photoresponse will make it easier to
achieve high-speed operation of photorefractive BaTiO 3 de-
vices with less optical intensity.
APPENDIX A
Here we generalize the hopping equations of Ref. 7 to in-
clude both electron and hole photoconduction and also to
allow site occupation probabilities Wn that are not necessar-
ily small. The probability that the nth site is occupied by an
electron changes with time according to
dWn/dt = + E D'n - Wn) WmIn exp(+ nm/2)
men
-(1 - Wm) WnIm exp(+#P in/2)]
- E Dnm[Wn (1 - Wm)In exp(-#n./2)
m5,n
- Wm(1 - Wn)Im exp(-flp3n/2)].
2.0
= 2sin e
Fig. 14. The dark-decay rate versus grating spatial frequency in
the BaTiO3 crystal after treatment in 2-atm oxygen (hole conduc-
tion). T = 240C during these experiments.
photorefractive device using this sample could be achieved
with less optical intensity than in the oxidized samples,
where the speed increases sublinearly with optical intensity.
Figure 13 shows that for the highly reduced sample, which
has a linear photoconductivity, about 1 J/cm 2 is required for
a 1/e-fold grating erasure, independent of intensity. This
linearly extrapolates to -nsec operation at an optical inten-
sity of 1 gW/cm 2 . Sublinear extrapolation for the heavily
oxidized BaTiO3 sample predicts that an optical intensity
1000 times larger would be needed to obtain the same speed
and would surely cause optical damage to the crystal.
Figure 14 shows the dependence of the dark-erasure rate
on grating spatial frequency at T = 240C for the sample that
had been treated in 2.0 atm of oxygen. The parabolic shape
predicted by Eq. (8) and observed in Ref. 7 is not observed
and suggests that the hopping distance may be comparable
to the grating spacing, as discussed in Ref. 11.
(Al)
The first sum accounts for holes hopping, and the second
sum for electrons hopping. Here, as in Ref. 7, n is the site
located at position r, W is the probability that an electron
occupies site n, 1 - W is the probability that a hole occupies
site n, Dein is the electron hopping rate coefficient between
sites n and m, Dh nn is the hole hopping rate coefficient
between sites n and m, 'Pnm = Pn - m, where sPn is the
electrostatic potential at site n, In is the optical intensity at
site n, and = e/kBT. (Note: e > 0 is the absolute magni-
tude of the electron or hole charges.)
Consider an optical illumination that varies sinusoidally
according to
I,,= I41 + Re[m exp(ikzn)]}, (A2a)
where m is the complex intensity modulation (before the
*buildup of any space-charge field). We consider the case of
a small intensity modulation (I ml << 1), so that we can ignore
terms having a spatial variation other than exp(ikzn), and
try solutions of the form
Wn Wol + Re[w exp(ikzn)]l, (A2b)
n Re[p exp(ikzn)], (A2c)
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where I wl and I I will both be small compared to unity.
Equation (A2c) assumes that there is no applied or intrinsic
spatially uniform electric field.
If the density of electron donors exceeds that of acceptors
ND > NA, then the average probability that a site is occupied
by an electron will be Wo = 1 - NA/ND, and the total number
of sites will be N = ND. If the density of electron acceptors
exceeds that of donors NA > ND, then the average probabili-
ty that the site is occupied by an electron is Wo = ND/NA,
and the total number of sites will be N = NA.
Poisson's equation yields
s = (WowNe)/(EEok2 ), (A3)
where N is the average density of sites. Keeping only those
terms in Eq. (Al) that are of first order in the small quanti-
ties m and w:
dw/dt = -Iok02 12[w(De + Dh)(l + k2/k02)
+ m(De - Dh)(l - W0 )(k 2/ko 2)], (A4)
where k02 [e2WO( - Wo)N]/(EeokBT) and De and Dh are the
effective hopping rate constants, which depend on the ex-
plicit form of the hopping probabilities, Demn and Dhmn.
For nearest-neighbor hopping between sites separated by
an average distance = N- 13 , the hopping rate coefficient
Demn = 0 except for m = n + 1, in which case Demn = Doe, and
the summation over m gives
De = 2De[1 - cos(kl)], (A5a)
with a similar term for holes.
Another possibility is that the hopping is long range, ex-
tending over many sites, with an exponentially decreasing
probability and with an average hopping distance /Ke >> 1.11
For this case Demn = Doe(l1/Ker)exp(-Ker) for electrons. Ap-
proximating the sum over m by a three-dimensional inte-
gral,"1
De = DOe(47rN/Ke3 ) [(k/Ke) 2 /(l + (k/Ke) 2 )], (A5b)
with a similar result for holes.
In the limit kl << 27r in Eq. (A5a) and k << K in Eq. (A5b),
both equations reduce (within a constant factor) to De
Doe(kl) 2 , and Eq. (A4) becomes
dw/dt =-[IO(De + Dh)(kol)2 + rd]Iw[1 + (k/ko)2]
+ mR(k/k )'j, (A6)
where R = (Dh - De)/[(Dh + De) + d/(Ioko2l2)] = (a+-
a-)/(G+ + a- + ad) in terms of conductivities a+ = IoDhe-
(kol)2fEo. The dark, or thermal, conductivity (d) has been
included in the final result and is analogous to the unmodu-
lated part of the incident illumination (Io).
In the steady state, dw/dt = 0, and Poisson's equation
gives
E =-iwW0eNpr/kEE0 = i(kBT/e)Rmk/[l + (k/ko)2], (A7)
Npr = NA(1-NAIND) ifNA < ND (A8)
= ND(' - NDINA) if ND < NA-
If m = 0 (uniform illumination) and I wl > 0, the grating will
decay with a rate r:
dw/dt = -w,
where the grating erasure rate is
r = [Io(De + Dh)(kol)2 + rd][1 + (k/ko)2].
(A9)
(A10)
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